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Edited by Vladimir SkulachevAbstract Vertebrate visual pigment proteins contain a con-
served carboxylic acid residue in the third transmembrane helix.
In rhodopsin, Glu113 serves as a counterion to the positively
charged protonated Schiﬀ base formed by 11-cis retinal attached
to Lys296. Activation involves breaking of this ion pair. In UV
cone pigments, the retinyl Schiﬀ base is unprotonated, and hence
such a salt bridge is not present; yet the pigment is inactive in the
dark. Mutation of Glu108, which corresponds to rhodopsins
Glu113, to Gln yields a pigment that remains inactive in the
dark. The apoproteins of both the wild-type and mutant, how-
ever, are constitutively active with the mutant being of signiﬁ-
cantly higher activity. Thus, one important role for preserving
the negatively charged glutamate in the third helix of UV pig-
ments is to maintain a less active opsin in a manner similar to
rhodopsin. Ligand binding itself in the absence of a salt bridge
is suﬃcient for deactivation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Visual pigment proteins fall into the superfamily of cell sur-
face receptors known as G protein-coupled receptors. Rho-
dopsin, the photopigment in rods, is one of the best-studied
members. The cone pigments are highly homologous to rho-
dopsin. Unlike other G protein-coupled receptors, the rod
and cone pigments have their ligand, 11-cis retinal, bound
covalently to the protein via a Schiﬀ base linkage to the e-ami-
no group of the strictly conserved lysine in the seventh trans-
membrane helix. In rhodopsin and most cone pigments
studied, the Schiﬀ base is protonated resulting in a positive
charge in the middle of the transmembrane domain (e.g., see
review [1]). Vertebrate visual pigments contain a carboxylate
(Glu in all cases except one, an Asp [2]) in the third helix. In
rhodopsin, and presumably the cone pigments too, Glu113
serves as the counterion to the positively charged protonated
Schiﬀ base [3,4]. This ion pair has been implicated in two
important properties of visual pigments: spectral tuning, and
inactivation. The distance of the counterion from the Schiﬀ
base aﬀects delocalization/localization of the positive chargeAbbreviations: SWS1, short-wavelength sensitive class II visual pig-
ment; Meta II, metarhodopsin II intermediate
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imum [5]. The ion pair has also been implicated as being cru-
cial to the maintenance of the relatively inactive
conformation of both the apoprotein and pigment of rhodop-
sin [6,7].
Recent studies on UV cone pigments, members of the short-
wavelength sensitive class I (SWS1) of visual pigments [8,9],
have come to the conclusion that 11-cis retinal is bound to
its opsin, not via a protonated Schiﬀ base linkage, but via an
unprotonated Schiﬀ base linkage [10–12]. One advantage for
having the ligand bound as an unprotonated Schiﬀ base is that
the absorption maximum of an unprotonated retinyl Schiﬀ
base is already in the near UV region at about 360 nm. Thus,
the protein would not have to modify the absorption proper-
ties of the chromophore much to tune the pigment to its de-
sired wavelength.
Perhaps surprisingly, the carboxylate in the third helix coun-
terion position is also present in the UV cone pigment. What
role would it have if there is no salt bridge between the carbox-
ylate and the Schiﬀ base? Kusnetzow et al. [11] concluded that
one role would be to serve as the counterion to the photoprod-
ucts leading up to the active metarhodopsin II intermediate
(Meta II) state of a UV pigment for the proper timing of acti-
vation and subsequent deactivation. In this study, I have re-
moved the counterion in the salamander UV pigment by
introducing an E108Q (equivalent to E113Q in bovine rhodop-
sin) mutation in the salamander UV cone pigment. The apo-
protein is constitutively active, while the pigment is inactive
in the dark. Thus, another role for conserving the counterion
carboxylate residue is to maintain a relatively inactive opsin
in the absence of its inverse agonist 11-cis retinal, similar to
its role in rhodopsin.2. Materials and methods
2.1. Expression and puriﬁcation of visual pigments
Cloning of the tiger salamander UV pigment cDNA, modiﬁcation to
include the anti-rhodopsin 1D4 epitope [13], and insertion into the
pMT3 expression vector [14] have been described [15].
The wild-type and mutant plasmids were transiently transfected into
COS cells using DEAE-dextran essentially as described previously [16]
except the dimethyl sulfoxide treatment and ﬁnal rinse were omitted.
Typically, 20 10-cm plates were transfected for each reconstitution.
Cells were harvested on the third day after transfection and pigments
were immunopuriﬁed as described earlier [15] except the buﬀer used
throughout the puriﬁcation process was 10 mM sodium phosphate,
150 mM sodium chloride, pH 7.0.
COS cell membrane preparations containing wild-type and mutant
salamander UV opsins were performed essentially as described by
Robinson [17] except a Beckman SW 32 rotor was used throughout
and the ﬁnal pellet was resuspended in 200 ll of the buﬀer and stored
in 25 ll aliquots. Concentrations were determined in triplicate byblished by Elsevier B.V. All rights reserved.
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samples compared to known amounts of rhodopsin from bovine rod
outer segments using the BioRad BioDot set-up. Samples were solubi-
lized in 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfo-
nate in a Tris-buﬀered saline buﬀer containing 25 mM N-ethyl
maleimide for 1 h on ice. The samples and rod outer segment concen-
tration standards were then centrifuged and blotted onto a nitrocellu-
lose membrane in the slot blot apparatus; wells were washed twice with
0.5 ml Tris-buﬀered saline. The blot was probed with the anti-rhodop-
sin 1D4 antibody, and the enhanced chemiluminescence was detected
and analyzed using a BioRad Chemidoc XRS imaging system and its
associated software, Quantity One.
2.2. UV–visible spectrophotometry
Absorption spectra were recorded on a Varian Cary300 spectropho-
tometer modiﬁed by the manufacturer for darkroom use. All spectra
were recorded using a 50 ll ultramicrocuvette with a 1 cm path length
containing 100 ll sample.
2.3. Transducin activation assay
The ability of the opsin and pigments to activate bovine rod trans-
ducin using a radioactive ﬁlter binding assay was measured essentially
as described previously [18] except the pH of the reaction was 6.5 using
10 mM 2-[N-morpholino]-ethanesulfonic acid buﬀer instead of Tris.
Light activation was initiated with a 6 s pulse of white light from a slide
projector with a 300 W lamp. Activity was converted to speciﬁc activ-
ity by normalizing to the pigment content in the assay for the puriﬁed
pigment or the calculated opsin concentration for the membrane
preparations.3. Results
We have previously reported the expression and puriﬁcation
of the salamander UV cone pigment [15]. The E108Q mutant
remains a UV pigment (Fig. 1). This result is consistent with
previous reports of the same mutation in the mouse UV cone
pigment [10–12,19]. The absorption maximum of the salaman-
der UV pigment E108Q mutant is blue shifted by about
8–348 nm. As with the wild-type pigment, acid denaturation
results in a red-shifted spectrum consistent with the spectrum
for a protonated retinyl Schiﬀ base in the absence of the pro-
tein environment. Normalizing the wild-type and E108Q spec-
tra to the acid denatured spectra, it is evident that the
extinction coeﬃcient for the mutant pigment is slightly lower
than for the wild-type (Fig. 1). In agreement with data forFig. 1. Absorption spectra of wild-type (thin black lines) and E108Q
mutant (thick black lines) salamander UV cone pigment in the dark
and acid-denatured forms. Spectra were normalized to the acid-
denatured species.mouse UV wild-type and E108Q mutants [12], attempts to pro-
tonate the Schiﬀ base in a folded protein by lowering the pH
was not possible as the protein appears to denature ﬁrst (not
shown). Babu et al. [19] reported a partially titrateable Schiﬀ
base with counterion mutants in the Xenopus violet cone pig-
ment, which is in the same SWS1 class of visual pigments as
the UV pigments. Fasick et al. [10] were able to titrate a mouse
UV E108Q mutant pigment but only in a F81Y mutant back-
ground. The Schiﬀ base of the F81Y mutant pigment is pro-
tonated at pH 6, and the additional E108Q mutation
lowered the pK to about 6 [10].
Both the puriﬁed E108Q and wild-type UV cone pigments
are not active in the dark but are able to activate transducin
in a light-dependent manner (Fig. 2) in agreement with previ-
ous transducin activation assays with UV cone pigments
[10,11,15,19]. Activation by the wild-type pigment reaches a
plateau quickly due to rapid decay of the active Meta II species
in SWS1 pigments [11,15,20,21], and consequently there is no
further accumulation of activated transducin. The initial rate
of light-dependent activation by the wild-type pigment is about
100 min1 per mol pigment and 45 min1 per mol pigment for
the E108Q mutant as determined using methods described pre-
viously [21]. Transducin activation by the mutant rises in a
monophasic manner reﬂecting the decay of the Meta II inter-
mediate. Time constants for the decay of Meta II calculated
as described previously [21] are 0.4 and 1.6 min for the wild-
type and E108Q mutant, respectively. This result is consistent
with the longer-lived active Meta II intermediate of the coun-
terion mutant shown in previous studies with bovine rhodop-
sin [4] and mouse UV cone pigment [11]. However, the
relative activities here are opposite of those reported for the
wild-type and E108Q mutant of the mouse UV pigment where
the mutant displayed a much higher ability to activate trans-
ducin than the wild-type [11]. This diﬀerence is possibly due
to diﬀerences in assay and analysis conditions. Measurements
by Kusnetzow et al. [11] were conducted at a higher pH than
my assays, and the kinetic analysis of the light-driven activa-
tion began after a 1 min illumination period during which a
signiﬁcant amount of transducin would have been activated
and wild-type Meta II undergone at least two half-times. HereFig. 2. Transducin activation by puriﬁed wild-type (triangles) and
E108Q mutant (circles) salamander UV cone pigment. Both pigments
are able to activate transducin in a light-dependent manner. Note the
identical lack of activation by the pigments in the dark. The reaction
mixtures both contained 10 nM pigment as determined from the acid-
denatured spectrum of the samples from Fig. 1.
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a much shorter 6 s illumination.
Fig. 3 shows that both the E108Q mutant and wild-type op-
sins are constitutively active. As with rhodopsin, 11-cis retinal
acts as an inverse agonist by binding to and inactivating the
protein. Unlike the assays shown in Fig. 2, the opsins were
not detergent solubilized and immunopuriﬁed. As summarized
by Robinson [17], opsins are not stable in dodecyl maltoside
micelles and need a membrane environment in order to remain
viable. Therefore, preparations from a discontinuous sucrose
gradient of COS cell membranes as described by Robinson
[17] were used. Activation by the protein with and without li-
gand could be directly compared since aliquots from the same
preparation were equally divided and then 11-cis retinal
(240 lM ﬁnal concentration) in ethanol or the same volume
of ethanol without retinal was added. The presence of 11-cis
retinal is suﬃcient to quench the ability of the opsins to acti-
vate transducin in the dark. Quenching is due to pigment for-
mation because light-dependent activity can be elicited. Similar
to rhodopsin [6], the counterion mutant opsin is more consti-
tutively active than the wild-type opsin, about twofold for
the UV pigment (Fig. 3).
Fig. 3 also shows that the membrane environment prolongs
the lifetime of Meta II in both the wild-type and mutant. The
Meta II decay time constants were determined to be 2 and
5 min for the wild-type and mutant, respectively, using meth-
ods described previously [21]. In order to discount the possibil-
ity of continued activation by the membrane-embedded opsin
after Meta II decay or photoexcitation of regenerated pigment,Fig. 3. Transducin activation by (A) E108Q mutant and (B) wild-type
salamander UV cone opsins (open symbols) and pigments (ﬁlled
symbols). To the opsin sample, 1 ll ethanol was added; to the pigment
sample, 1 ll 11-cis retinal in ethanol was added to a ﬁnal concentration
of 240 lM and incubated at least 1 h. Error bars reﬂect standard
deviation of the means for both activity and opsin concentration.the transducin activation assay was conducted under dim red
light conditions throughout (except for the 6 s pulse of white
light) and in the presence of a large excess of 11-cis retinal
which would immediately deactivate any opsin as it forms.
Again, the initial activation rate by the wild-type (70 min1
per mol opsin) is higher than by the mutant (50 min1 per
mol opsin) although less dramatic than by the detergent solu-
bilized pigments. The slower Meta II decay of the wild-type in
membranes could account for a better measure of initial acti-
vation. Nevertheless, activation by the apoprotein does occur
and is greater by the mutant opsin than by the wild-type as re-
ﬂected by both a comparison to each other and relative to its
light-dependent activation rate where the mutant opsin is able
to activate transducin with essentially the same eﬃciency as the
light activated species; whereas, the wild-type opsin activates
transducin about 40% that of the light-activated species.
Beta ionone, essentially a truncated retinoid analog, has
been shown to increase the ability of rod opsin to activate
transducin without covalently binding to the protein [22]. In
other words, beta ionone acts as a weak agonist. Similarly,
addition of beta ionone to membranes containing wild-type
UV opsin stimulates its ability to activate transducin 1.3-fold
over opsin alone; however, it has no eﬀect on the mutant op-
sins activity (data not shown). This result is consistent with
the wild-type opsin not being in a fully active conformation
as opposed to the E108Q mutant opsin.4. Discussion
Although there are several examples of rhodopsin mutations
that are constitutively active (e.g., review by Rao and Oprian
[7]), reports of constitutively active cone pigments are quite
unusual. The only other example is our description of a triple
mutant of the same pigment that is also dark active [18]. The
E108Q opsin, however, can be deactivated by binding 11-cis
retinal in the dark.
That the apoprotein of the E108Q mutant is constitutively
active (active independent of ligand and light) suggests that a
reason for conserving the glutamate is to maintain a less active
opsin by forming a salt bridge with the Lys291 (equivalent to
rhodopsins Lys296) much like with the rhodopsin apoprotein.
This behavior is like that of the inactive E113Q rhodopsin mu-
tant pigment containing an unprotonated Schiﬀ base [4]
although the wild-type UV opsin is quite a bit more active than
wild-type rod opsin. The lack of an eﬀect by beta ionone on the
E108Q mutant further suggests that the absence of the coun-
terion in opsin results in a fully active conformation of the pro-
tein not seen in the wild-type opsin.
Another reason for this study is to address the role of a salt
bridge (or lack of one) in the visual pigment because of the
somewhat confusing literature about its necessity for maintain-
ing an inactive pigment and reports that suggest otherwise. For
example, breaking such a salt bridge in the holoprotein was
postulated as the underlying basis for dark activity of photore-
ceptor cells [23,24]. This notion has been diﬃcult to demon-
strate. Jin et al. [25] using transgenic Xenopus rods
containing E113Q rhodopsin showed that the rods were desen-
sitized consistent with persistent activation of the signaling cas-
cade. However, their data suggested that this was due to
constitutive activity of the apoprotein, not dark activity of
the pigment, since addition of 11-cis retinal resensitized the
232 M. Kono / FEBS Letters 580 (2006) 229–232rod suggesting that ligand binding itself was suﬃcient to inac-
tivate the protein independent of the salt bridge. These results
are consistent with earlier in vitro data on inactivation of the
E113Q mutant after binding 11-cis retinal [4,6]. Recently,
Kim et al. [26] concluded that breaking the salt bridge itself
is not suﬃcient to form an active pigment, but further confor-
mational changes induced by chromophore isomerization or
additional mutations were needed. Similarly, attempts by Sam-
path and Baylor [27] to quench the dark activity of red cones
by changing the pH further inferred that the dark noise does
not correlate with deprotonation of the Schiﬀ base although
it should be noted that there was no direct demonstration of
changes in Schiﬀ base protonation states.
Thus, the salt bridge between a carboxylate in helix 3 and
protonated Schiﬀ base is not necessary to hold a visual pig-
ment in an inactive conformation. Binding of the inverse ago-
nist 11-cis retinal is suﬃcient. However, the conserved
carboxylate is important in keeping the apoprotein from being
overly active and stimulating unwanted visual signaling in
both rod opsin and UV cone opsin.
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